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Abstract 
In neurophysiological research, the recording of brain activity in animals is fundamental. Conventional wire-based technologies 
allow such recordings only in movement-restraint animals. Head-mounted wireless recording technologies allow investigating a 
broader spectrum of behaviors and have the potential to improve animal welfare and mark an important step towards implantable 
neuroprosthetic devices. We developed a lightweight, head-mountable neural recording system, which allows bidirectional 
communication for remote signal acquisition on the one hand and remote pre-amp gain adjustments and microelectrode position 
adjustments, on the other hand 
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1. Introduction 
An important goal in systems neuroscience and for brain-controlled neuroprosthetic devices is to investigate the 
correspondence of body movements and the underlying neuronal processes in the brain. A neuron’s activity can be 
detected by its resulting change in the surrounding electrical potential. Unlike epi- or subdural electrocorticograms, 
recording from single neurons requires the introduction of semi-chronic electrodes through the surgically opened skull 
into the brain tissue. Since conventional recording systems are too large for being head-mounted in a freely moving 
animal, tethered recording techniques have to be used for which head movements of the animals must often be 
restraint. This leads to potential stress for the animals and prevents the observation in a natural environment. 
We aim for a system that amplifies and preprocesses neuronal activity of four independent electrode channels and is 
capable of wirelessly transmitting raw-data without lossy filtering or compression. This is mandatory for fundamental 
investigations in neurophysiological problems and especially for off-line artifact identification. 
1.1. Extracellular recording of neural activity 
A nerve cell (neuron) in the brain conditionally forwards electrical potentials. It is able to generate a potential 
difference by separation ions over a selective permeable membrane. The equilibrium state is called resting potential. 
When the neuron opens embedded ion channels it generates an ion flow through the membrane and a resulting 
potential change, an action potential. By introducing an electrode intro the brain and placing its tip close to the cell it is 
possible to record the changes in the surrounding potential (Fig. 1). 
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Practically this means, that the skull must be opened and the 
subjacent membranes (mainly Dura mater) will be penetrated by 
the electrode or a guide tube. The relaxation of the Dura and the 
brain tissue result in a shear force that pushes the electrode back 
for a certain time after the implantation.  
Furthermore for chronic implants glial growth around the tip 
corrupt the recording quality as well as head acceleration leads to 
movements of the brain relative to the skull and hereby to signal 
instationarity over time. 
For stable long term recordings it is necessary to readjust the 
electrode tip’s position during the experiment. 
1.2. Requirements for wireless neural recordings 
Our approach focuses on raw signal depth recording. 
Broadband signals of signal neuron’s depolarization must be captured as well as low frequent changes in the electrical 
potential of brain regions. The characteristic frequency of such an action potential (spike) is about 1 kHz and its 
amplitude reaches several mV depending on the distance to the electrodes tip. So called local field potentials (LFP) 
result from the superposition of presynaptic dendritic potentials of a large number of neurons. Their dynamic range is 
from quasi static to about 300 Hz and the amplitude reaches several hundred microvolt. 
At the boundary layer between the metal electrode tip and the electrolytic liquor an electrochemical double layer 
constitutes and causes a remarkable voltage drop. Due to its fragility it is the main source for motion artifacts, as 
already small distortions of the double layer lead to significant voltage peaks. Another cause for motion artifacts is the 
capacitive coupling of the electrodes to their surrounding guide tubes. 
A sampling rate of 8 ksps can be sufficient to cover the dynamic range of action potentials but a faster sampling is 
desirable to identify idiosyncratic spike waveforms belonging to separate neurons. Electrodes usually cover multiple 
neurons, each of it with a specific coupling impedance and hence a neuron specific waveform. 
Since the noise floor is comparatively high an 8-bit amplitude resolution is sufficient and takes the limited 
bandwidth into account. Under specific conditions a low resolution input stage in combination with an adaptive 
variable gain amplifier may exhibit a better dynamic characteristic than a fixed gain stage with a higher resolution [5]. 
Caused by head movements a relative displacement of the brain to the skull and thus to the achoring point of the 
measuring system, let the observed nerve cell easily drift away from the electrode tip. For observations over longer 
periods, a tracing of each neuron with individually movable electrodes is desirable. This requires an individual actor 
for each electrode and a bi-directional wireless transmission for control commands. 
The number of integrated electrodes is a tradeoff of weight and energy consumption, on the one hand, and an 
increased probability of a successful recording cycle on the other. Our system allows for up to four electrodes. 
To avoid infections of the tissue a common way is to cover the opened skull by a closable chamber. This cylindrical 
chamber is connected to the skull and therefore it is a reliable location reference if a previously interrupted 
measurement has to be resumed. As it will be carried by the animal even outside experiments it is well known that 
implants of this size can be continuously worn by rhesus monkeys. We aim hard to include the main components 
inside such a chamber with an inner diameter of 19 mm and a height of approximately 25 mm to 30mm. 
Table 1 outlines the main requirements to the recording system. 
Table 1: Requirements of the wireless neural recording system 
Requirement Value 
Sampling rate per channel 20 ksps 
Amplitude resolution 8 bit 
Number of channels / electrodes 4 
Transmission distance > 10 m 
Operating time > 1 h 
Data rate of the return channel ~ 10 kbps 
Construction space (diameter x height) 18 mm x 30 mm  
 
Data rate > 640 kbps 
 
Fig. 1: Extracellular recording of neural activity 
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2. Development of a new telemetry system 
We previously presented a prototype based on a 
32 bit microcontroller and a Bluetooth-Module, 
which is capable of recording one single channel 
wirelessly at full bandwidth. It still had to rely on a 
stationary drive to feed the electrodes, so head 
fixation was still needed. Yet the full use case was 
represented and the actuators were already controlled 
via the wireless link. Fig. 3 shows the signal and 
control paths of the telemetry system. It covers the 
analog recording as well, as the control of amplifier 
settings and motor control. In first animal 
experiments we showed it suitable for wireless 
recording [1]. 
Based on our experiences we redeveloped a new 
telemetry system to meet the previously stated 
requirements. 
2.1. Analog input stage and digital mainboard of the telemetry system 
The input amplifier stage is unchanged [2]. The input signal is stabilized, filtered and amplified before it is 
digitized. As a consequence of high electrode impedances in the range of 100 M the input stage is placed as close to 
the electrodes as possible. To be able to cover the analog parts with a shielding while not blocking the wireless 
communication, it is separated on a dedicated amplifier board from all digital parts.  
The mainboard contains a 32 bit ultra-low power AVR32 microcontroller from Atmel. It may preprocess the 
incoming data in real-time and thus allows event based actions like wake-up on threshold or recognition of link loss. 
2.2. Wireless link 
The main bottleneck of the previous prototype was the Bluetooth link which limited the bandwidth to a maximum 
of 250 kbps. A faster Bluetooth module or a different transceiver like wireless LAN were discussed but not considered 
in the development since the available components were too energy consuming. The development of wireless 
technology in the past years was driven by the rise of the smart phone consumer market. Today wireless modules or 
systems in package (SiP) with a much lower energy demand are available. We successfully tested and characterized 
the wireless LAN SiP HDG104 for use in our neural recording system [3]. Based on our typical use case with an 
asymmetric bidirectional communication link with more than 5 Msps and distances of more than 10 m were reliable. 
The operating current is about 100 mA, which is still four times the current of the Bluetooth module but acceptable. 
2.3. Electrode feed actuator 
In [4] the development of a new microdrive to replace the stationary drive is described. Each Microdrive is actuated 
by a vertical orientated BLDC-micromotor. Its rotation is transferred to a parallel thread rod by a gear. A slide with a 
 
Fig. 3: Signal path and mechanical interaction of the telemetric sensor system. 
 
Fig. 2: Mobile actuator for tracing a drifting neuron during an experiment. 
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cross shaped cut-out and a magnetic mount holds the electode. The design goal to place four microdrives inside a 
cylinder with a diameter of 18 mm could be met. Each microdrive has a displacement of 15 mm with a step accuracy 
better than 5 μm and a minimum force of 150 mN. 
Up to four microdrives may be controlled by a separate circular controllerboard with a diameter of 18 mm which 
forms also the cap of the cylindrical housing (Fig. 4). Its processor is connected via an I²C-Interface with the main 
controller board and may continue to feed electrodes autonomously to a target position or stop if the wireless link 
breaks.
 
 
3. Results 
The significantly reduced size of the electronic boards compared to our previous prototype by the use of a smaller 
scale passive components and IC-packages with a lower pin count which was made possible by removing peripheral 
parts that turned out to be unnecessary. For e, that the board connectors which were used for programming contributed 
20 % to the board size. We developed a bootloader that enables the system to be reprogrammed wirelessly and save 
the connector. This is helpful during development as a built-up lab setup does not have to be disassembled for 
reprogramming any more. The footprint of the system does not exceed the diameter of 19 mm of the already existing 
chamber which corresponds to the size of a 2 Eurocent coin. Four microdrives fit inside the chamber and a stack of 
three PCBs will sit on top. The whole system will be powered by a Lithium Polymer battery which hast to be chosen 
according to the needs of the application. The supply current will not exceed 120 mA on full duplex communication 
which means 3.5 g of weight and less than 2000 mm³ per hour of operation. 
The new components have been successfully tested on the bench but a test of the full assembly in an animal 
experiment is still pending.  
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Fig. 4: Motor control board for four microdrives. 
